Poplars (Populus deltoides Bartr. ex Marsh) accumulate a 32-kD bark storage protein (BSP) i n phloem parenchyma and xylem ray cells during autumn and winter. Accumulation of poplar BSP is associated with short-day (SD) photoperiods. Poplar BSP shares sequence similarity with the product of the wound-inducible poplar gene win4. The influence of nitrogen availability and photoperiod on the levels of BSP, BSP mRNA, and win4 mRNA was investigated. In long-day (LD) plants BSP, BSP mRNA, and win4 mRNA levels were correlated with the amount of NH,N03 provided to the plant. BSP mRNA and BSP were detected only in bark, whereas win4 mRNA was detected only in leaves. In LD plants treated with NH,NO,, BSP mRNA levels were significantly greater than those of win4. In nitrogen-deficient plants exposed to SD conditions, the accumulation of BSP mRNA and BSP was delayed for 2 weeks. This delay was eliminated by further SD exposure, and after 6 weeks of SD treatment similar levels of BSP and BSP mRNA were detected in the bark of SD plants regardless of the leve1 of NH,NO3 treatment. win4 mRNA levels declined to undetectable levels in young leaves of SD plants but increased in mature leaves. These results indicate that BSP accumulation in both LD and SD plants is influenced by nitrogen availability. Although both BSP and win4 appear to be involved in nitrogen storage, our data suggest that BSP is probably the primary protein involved in both seasonal and shortter" nitrogen storage in poplar. These results also suggest that nitrogen cycling and storage in poplar could involve a twocomponent system. In this system the win4 gene product may modulate accumulation and mobilization of leaf nitrogen, whereas BSP is involved in seasonal and short-term nitrogen storage during periods of excess nitrogen availability.
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for subsequent reuse provides trees with some independence from extemal nutrient supply and may reduce annual variations in growth (van den Driessche, 1984) . Stored nutrients may also reduce potential loss from mineralization and subsequent leaching (Ryan and Bormann, 1982) .
In poplar (Populus deltoides), a 32-kD BSP is involved in seasonal nitrogen storage. During autumn this protein accumulates in protein storage vacuoles of the inner bark parenchyma (Wetzel et al., 1989a (Wetzel et al., , 1989b and xylem ray cells (Sauter et al., 1989) . Accumulation of BSP and BSP mRNA is associated with short days (Coleman et al., 1991 (Coleman et al., , 1992 Langheinrich and Tischner, 1991) and may also be related to nitrogen availability (Wetzel and Greenwood, 1991; van Cleve and Apel, 1993) . Degradation of poplar BSP and nitrogen remobilization appear to be related to sink demands from active bud growth .
The cDNA (Clausen and Apel, 1991; Coleman et al., 1992 ) and gene (bspa) for poplar BSP have been isolated and sequenced. Poplar BSP displays approximately 60% identity with a wound-inducible cDNA from poplar leaves (win4) (Clausen and Apel, 1991; Coleman et al., 1992; Davis et al., 1993) . Like win4, BSP mRNA is also wound inducible; however, wound induction of BSP mRNA is limited to stem tissues, whereas wound induction of win4 is leaf specific (Davis et al., 1993) . In contrast to BSP, win4 mRNA levels are not increased by SD photoperiods (Davis et al., 1993) . Because of sequence similarities between bspa and win4, the corresponding gene products may have similar roles as VSP. For example, BSP appears to be the primary protein involved in seasonal nitrogen storage, whereas the win4 gene product could possibly be involved in temporary nitrogen storage during active growth in a manner analogous to the soybean VSP (Staswick, 1989) .
In this study we examined whether nitrogen availability influenced BSP, BSP mRNA, and win4 mRNA levels in poplar bark and leaves. Furthermore, we also investigated the interaction between nitrogen availability and photoperiod on bsp and win4 expression. The results suggest that both BSP and Temperate deciduous tree species retranslocate nitrogen from leaves to storage sites during fall and remobilize stored nitrogen to support spring shoot growth (Taylor and May, 1967; Ryan and Bormann, 1982) . Nitrogen retranslocation, storage, and subsequent mobilization are highly developed in temperate deciduous trees and can make a significant contribution to annual nitrogen requirements (Chapin and Kedrowski, 1983; Nambiar, 1984) . Accumulation of nutrients the win4 product may play a role &-short-term, temporary nitrogen storage during periods of excess nitrogen availability. The high levels of BSP accumulation suggest that B~P may play a role in nitrogen storage during active growth. Our results also indicate that nitrogen availability Plant Physiol. Vol. 106, 1994 can temporarily influence bsp expression in SD plants. These results suggest that BSP is an important component of both seasonal and short-term nitrogen storage in poplar.
MATERIALS AND METHODS

Plant Material
Poplar plants (Populus deltoides Bartr. ex Marsh) were established from greenwood stem cuttings, which were rooted and grown in individual pots containing a 1:1:1 mixture of peat:perlite:vermiculite. Plants were initially grown in a greenhouse at 25 ± 3°C/20 ± 3°C (day/night) and under LD conditions (16 h of light 8 h of dark) using high-pressure sodium lamps (Energy Technics, York, PA) as a supplemental light source to give an irradiance of 400 to 500 nmol m~2 s" 1 for a 16-h day. Plants were grown for approximately 4 months before being used for experiments and were watered weekly with 250 mL of 1 mw NH 4 NO 3 . All LD and SD treatments were conducted in controlled environment chambers as previously described (Coleman et al., 1992) .
Treatments
To determine the effects of nitrogen availability on bsp and win4 expression in both LD and SD conditions, replicate LDgrown greenhouse plants were treated in environmental chambers in one of two ways: (a) Plants were moved to an LD (16 h of light, 8 h of dark) growth chamber at 25°C and fertilized three times a week with either 1, 2.5, 5, 10, 25, or 50 HIM NH 4 NO 3 for 8 weeks. Bark and leaf samples from replicate plants were collected after 4, 6, and 8 weeks of NH 4 NO 3 application, (b) Plants were first fertilized with either 0, 5, or 50 mw NH 4 NO 3 three times a week for 4 weeks under LD conditions, after which time the plants were transferred to an SD growth chamber at 25°C for 8 weeks. Bark and leaf samples were collected after 0, 2, 4, 6, and 8 weeks of SD exposure.
Protein Analysis
Soluble protein was extracted from replicate samples of bark and analyzed by protein immunoblots as described previously (Coleman et al., 1991) .
mRNA Analysis
Total RNA was isolated as described previously (Coleman et al., 1991) . Total RNA (5 ^g per lane) was separated in agarose gels containing formaldehyde (Sambrook et al., 1989) . Equal loading of RNA per lane was confirmed by comparing the intensities of the rRNAs in an ethidium bromide-stained agarose gel and by hybridization to a soybean rRNA genomic clone (pKDRl: provided by R.T. Nagao and J.L. Key, University of Georgia, Athens, GA). RNA gel blots were performed on nylon membranes (Zeta-Probe GT, BioRad). A gel-purified 1.2-kb BSP cDNA (Coleman et al., 1992) and a gel-purified 1.0-kb win4 cDNA (Parsons et al., 1989) were 32 P-labeled by random priming (Feinberg and Vogelstein, 1984) and used as probes in all analyses. All prehybridizations were done at 65°C in 0.25 M NazHPO 4 , pH 7.2, and 7% SDS (Church and Gilbert, 1984) . Hybridizations were carried out in the same buffer overnight at 65°C. RNA blots were washed once in lx SSC and 0.1% SDS at room temperature for 20 min, three times for 20 min each in O.lX SSC and 0.1% SDS at 65°C, and once in O.lx SSC and 0.1% SDS at room temperature for 20 min. Bark RNA blots were first hybridized to the win4 probe, and after autoradiography the blots were stripped three times for 30 min each in 0.05X SSC at 95°C and rehybridized to the BSP probe. Leaf RNA blots were first hybridized to the BSP probe, and after autoradiography the blots were stripped as described before and rehybridized to the win4 probe. BSP autoradiographs were exposed for 12 h at -70°C, and win4 autoradiographs were exposed for 36 h at -70°C.
RESULTS
Nitrogen Differentially Induces BSP and win4
Gene Expression
The influence of nitrogen availability on expression of bsp and win4 in bark was determined in LD-grown poplars that received various levels of NH 4 NO 3 for 8 weeks. After 4 weeks of treatment, the levels of BSP mRNA increased with increasing levels of NH 4 NO 3 (Fig. 1 ). The correlation between the level of NH 4 NO 3 treatment and BSP mRNA abundance was greatest after 4 weeks of treatment. Continued treatment with 25 or 50 mM NRiNO 3 for 6 or 8 weeks resulted in a decline in mRNA abundance and could possibly be related to nitrogen toxicity. Little difference was observed in the abundance of BSP mRNA levels in the bark of plants before 4 weeks of treatment (data not shown). Similar to BSP mRNA Total RNA (5 ng) was subjected to formaldehyde agarose electrophoresis, transferred to nylon membranes, and hybridized to a 32 Plabeled win4 cDNA.
levels, BSP abundance was correlated with increased levels of NH 4 NO 3 treatment (Fig. 1) . The correlation between BSP abundance and NH 4 NO 3 treatment was also greatest after 4 weeks of treatment. Although the levels of BSP mRNA declined after 6 weeks in plants receiving high levels of NH 4 NO 3 , BSP levels remained relatively constant and did not show a corresponding reduction in abundance with continued NH 4 NO 3 treatment. The difference in BSP and BSP mRNA levels is probably related to the sequestering of the protein in protein storage vacuoles. Like BSP mRNA levels, little difference in BSP levels were observed among the various treatments before 4 weeks of treatment (data not shown). win4 transcripts were not detected in the bark of LD-grown plants at any of the levels of NHiNOs treatment (data not shown). Previous studies demonstrated that in LD-or SD-grown poplars bsp expression was bark specific, whereas win4 expression was leaf specific (Davis et al., 1993) . Since the win4 product may function as a leaf-specific VSP, RNA blot hybridizations were analyzed to determine whether nitrogen availability influenced leaf expression of either win4 or bsp in LD-grown plants. win4 transcript abundance increased in plants receiving 25 or 50 HIM NH 4 NO 3 for 4 or 8 weeks (Fig.  2) . However, the increase in win4 transcript abundance was restricted to young leaves (LPI 1-5). win4 transcripts were also detected in mature leaves (LPI 6-10) of plants receiving 1 or 2.5 mM NH 4 NO 3 , but in contrast to levels in young leaves win4 mRNA levels declined with increasing NHjNOu levels. BSP mRNA was not detected in young or mature leaves for any of the NH 4 NO 3 treatments (data not shown). Although win4 mRNA levels increased in young leaves of plants treated with 25 or 50 mM NH 4 NO 3 , the levels were significantly less than the levels of BSP mRNA detected in the bark of the same plants ( Fig. 1 versus Fig. 2 ).
Nitrogen Availability Influences SD BSP Gene Induction
It has been shown that BSP accumulation is associated with SD photoperiods (Coleman et al., 1991 (Coleman et al., , 1992 Langheinrich and Tischner, 1991) . The influence of nitrogen availability on SD-associated bsp expression was analyzed in poplars that were first grown under LD conditions and treated with either 0, 5, or 50 mM NH 4 NO 3 for 4 weeks, followed by 8 weeks of SD treatment. The level of BSP mRNA increased in the bark of plants exposed to SD conditions regardless of the nitrogen treatment (Fig. 3) . The level of BSP mRNA in the bark of plants receiving 5 and 50 HIM NH 4 NO 3 reached a maximum after 4 weeks of SD treatment (Fig. 3) . BSP mRNA accumulation was delayed in the bark of plants with reduced nitrogen availability (0 HIM NH 4 NO 3 ) and reached a maximum after about 6 weeks of SD treatment. Although BSP mRNA accumulation was delayed in the bark of plants with reduced nitrogen availability (0 mM NH 4 NO 3 ), maximum mRNA levels were similar among the three nitrogen treatments. Furthermore, the rate of BSP mRNA accumulation was similar for the three nitrogen levels. After 8 weeks of SD exposure the level of BSP mRNA declined in the bark of plants for all nitrogen treatments. The decline of BSP mRNA abundance after prolonged SD exposure is consistent with previous results (Coleman et al., 1992) . BSP accumulated to high levels in the bark of all SD-treated plants (Fig. 3) . Plant Physiol. Vol. 106, 1994 receiving 50 mM NH 4 NO 3 as shown in the previous experiment (Fig. 1) . Compared to plants receiving 5 and 50 mw NH 4 NO 3 , BSP accumulation was reduced in the bark of plants receiving 0 mM NH 4 NO 3 . win4 transcripts were not detected in the bark of any of the SD-treated poplars for any of the nitrogen treatments (data not shown).
The influence of SD treatment on win4 and BSP mRNA accumulation was further analyzed in both young and mature leaves of plants receiving 50 mM of NH 4 NO 3 . This level of nitrogen availability was selected because the previous experiment (nitrogen availability and LD conditions) demonstrated that this level of NH 4 NO 3 treatment resulted in the highest levels of win4 induction in young leaves. Consistent with the previous results, win4 mRNA was detected in young leaves of LD-grown plants receiving 50 HIM NH 4 NO 3 (Fig. 4) . win4 mRNA levels declined to undetectable levels in young leaves of plants after 2 weeks of SD exposure. In mature leaves the levels of win4 increased with continued SD treatment. BSP mRNA was not detected in young or mature leaves of SD-treated plants (data not shown).
DISCUSSION
In bark of LD-grown plants, nitrogen availability influenced bsp expression. Within 4 weeks of treatment with NH 4 NO 3 the levels of BSP mRNA and BSP increased, and the accumulation was correlated with the level of nitrogen treatment. However, as the experiment progressed only BSP levels were correlated with nitrogen treatment. The reason for the decline in BSP mRNA abundance with continued plant exposure to elevated nitrogen levels is not known. This decline could be related to nitrogen toxicity, since physical symptoms of toxicity were observed at the highest nitrogen treatment (50 mM NH 4 NO 3 ) (Banados, 1992). Alternatively, it is possible that a feedback mechanism may moderate gene expression when high levels of BSP have been synthesized and sequestered. Nitrogen treatment also influenced win4 mRNA levels in leaves of LD-grown poplars. In young leaves win4 mRNA levels increased with increasing levels of NH 4 NO 3 , but they declined in mature leaves. The differential pattern of win4 mRNA accumulation in LD-treated plants may be related to the sink/source status of young and mature leaves. The tissue-specific patterns of expression for bsp and win4 observed during wound induction are also maintained during nitrogen-associated expression. The factors that regulate the tissue-specific patterns of expression are not known. An understanding of the nature of tissue-specific expression of bsp and win4 may provide insight into the nature of gene evolution, since it appears that these genes share a common evolutionary origin (Davis et al., 1993) .
These results suggest that, in addition to its role in seasonal nitrogen storage, BSP may also play a role in temporary nitrogen storage during shoot growth. In soybean, a VSP accumulates in leaf tissue that appears to function in temporary nitrogen storage during periods of excess nitrogen availability (Staswick et al., 1991) . Similar to soybean VSP, poplar BSP appears to be involved in nitrogen storage during shoot growth when nitrogen availability exceeds demand. Banados (1992) also observed that leaf protein levels did not vary among young or mature leaves that received different amounts of nitrogen, whereas bark protein levels increased with increased nitrogen availability. These results are consistent with a role for BSP in nitrogen storage during active shoot growth. The reason for temporary nitrogen storage in the bark during shoot growth is not known. We speculate that the use of bark for nitrogen storage during growth under LD conditions may be related to the utilization of an existing nitrogen storage system. This does not exclude the possibility that during growth both BSP and the win4 product are involved in temporary nitrogen storage. Since young leaves are strong sinks in poplar Vogelmann et al., 1985) and win4 expression was observed in young leaves, it is possible that excess leaf nitrogen may be stored locally in the win4 gene product. However, the role of win4 in nitrogen storage is difficult to assess because the protein product has not been characterized or the site of accumulation determined. Potentially, temporary nitrogen storage in poplar could consist of a two-component system involving localized storage in temporary sink tissues such as young leaves and storage in perennial tissues such as bark.
Since BSP is involved in seasonal nitrogen storage and BSP accumulation is associated with SD conditions, we investigated the interaction of SD treatment and nitrogen availability on bsp expression. The steady-state levels of BSP mRNA and the accumulation of BSP were delayed in nitrogendeficient plants. Compared to plants receiving 5 or 50 mM NH 4 NO 3 , plants treated with 0 mM NH 4 NO 3 required approximately 2 additional weeks to reach similar levels of BSP and BSP mRNA. The delayed induction of bsp expression in nitrogen-deficient plants may be a result of delayed nitrogen mobilization from leaves. Although bsp expression was delayed in nitrogen-deficient SD-treated plants, the rate of BSP mRNA accumulation was similar irrespective of nitrogen availability. Clearly, nitrogen availability is important in SD bsp expression; however, the relationship between photoperiod and nitrogen availability has not been established.
win4 mRNA levels declined to undetectable levels in young leaves of SD-grown plants, whereas an increase was observed in mature leaves of the same plants. The basis for the reduction of win4 mRNA in young leaves grown under SD conditions is unknown. It is intriguing to speculate that SD indue- (Staswick, 1989) . A similar mechanism may be involved in the induction of BSP accumulation by both SD and nitrogen treatment. SD accumulation may involve the induction of leaf senescence and subsequent nitrogen mobilization, which increases nitrogen availability in a manner similar to that resulting from LD N H 4 N 0 3 treatment. Therefore, increased nitrogen availability, whether from leaf senescence or nitrogen treatment, would result in bsp expression. However, we cannot exclude the possibility that SD and nitrogen treatment involve different mechanisms for regulating bsp expression. SD treatment could influence bsp expression directly, and BSP synthesis would establish a nitrogen sink in bark, which may then trigger leaf nitrogen mobilization. The current experiments cannot distinguish between these possible mechanisms. Interestingly, leaf senescence has not been observed to precede or occur during SD BSP accumulation (Langheinrich and Tischner, 199 1; Baíiados, 1992; Coleman et al., 1992) , which may suggest that leaf nitrogen mobilization is not a prerequisite for SD induction of bsp expression. The mechanism(s) by which SD and nitrogen availability regulate bsp expression is currently being investigated. Our results indicate that determining the mechanism of both SD and nitrogen induction is critical to understanding the regulation of bsp expression.
